Entrainment of Lymphatic Contraction to Oscillatory Flow by Mukherjee, Anish et al.
Page | 1 
 
Entrainment of Lymphatic Contraction to Oscillatory 
Flow 
Anish Mukherjee1, Joshua Hooks2, J. Brandon Dixon2,3 
1Department of Electrical and Computer Engineering, 2Department of Mechanical Engineering,  
3Department of Biomedical Engineering, Georgia Institute of Technology, Atlanta, GA 30332 
Abstract 
Lymphedema, a disfiguring condition characterized by the asymmetrical swelling of the limbs, is 
suspected to be caused by dysfunctions in the lymphatic system. Lymphangions, the spontaneously 
contracting units of the lymphatic system, are sensitive to luminal wall shear stress. In this study, the 
response of the lymphangions to dynamically varying wall shear stress is characterized in isolated rat 
thoracic ducts in relation to their shear sensitivity. The critical shear stress above which the thoracic duct 
shows substantial inhibition of contraction was found to be significantly negatively correlated to the 
diameter of the lymphangion. The entrainment of the lymphangion to an applied oscillatory shear stress 
was found to be significantly dependent on the difference between the applied frequency and intrinsic 
frequency of contraction of the lymphangion. The strength of entrainment was also positively correlated 
to the applied shear stress when this shear was below the critical shear stress. The results suggest an 
adaptation of the lymphangion contractility to the existing oscillatory mechanical shear stress as a 
function of its intrinsic contractility and shear sensitivity. These adaptations might be crucial to ensure 
synchronized contraction of adjacent lymphangions through mechanosensitive means and might help 
explain the lymphatic dysfunctions that result from impaired mechanosensitivity. 
Introduction 
The lymphatic system plays a crucial role in the regulation of tissue fluid balance and hence, the 
maintenance of interstitial fluid volume. The interstitial fluid that accumulates as a result of extravasation 
of fluid from the blood capillaries is cleared by the lymphatic system. Through a network of capillaries 
and collecting vessels, the lymphatic system takes up the excess interstitial fluid and transports it back 
into the blood circulation. The lymphatic system plays an important role in not only fluid homeostasis but 
also in lipid transport and the immune system. Dysfunction of the lymphatic system is closely related to 
a condition called “lymphedema”, which is characterized by persistent swelling of the tissue space (often 
the limbs) due to an accumulation of fluid 1–3. Lymphedema has largely been understudied since it is not 
a life-threatening condition, but it has a severe impact on the quality of life of the patient. In addition to a 
gross swelling of the arms and/or legs, which is aesthetically unpleasant and can lead to psychological 
scarring for the patient, the freedom of movement of the limbs is restricted leading to discomfort and 
hindered functionality. In recent years, the severity of lymphedema has been recognized by the research 
community and focus has been put on studying the underlying mechanisms governing this condition. 
The onset and progression of lymphedema is coincident with a change in the contractile function of the 
lymphatic system, possibly due to aberrant mechanical forces 1–8. Lymphangions, the basic functional 
units of the collecting lymphatic system exhibit intrinsic contractility. The responsiveness of lymphangions 
to mechanical stimuli has been well documented 9–19. There are primarily two types of mechanical forces 
that need to be considered in the lymphatic system – the hoop stress exerted on the wall due to the 
transmural pressure and the wall shear stress in the lumen of the collecting lymphatic vessels due to fluid 
flow. The effect of luminal pressure on the lymphangion is that of exerting a hoop stress (stretch) on the 
lymphatic endothelial and muscle cells, and its impact on the physiology of the collecting vessels has 
been studied widely 14,16,20–22. The transmural pressure has a direct influence on the contraction 
frequency, the end systolic and diastolic volume of the vessel, as well as other pumping metrics like 
ejection fraction. The general trend is an increase in the contraction frequency and pump function in 
response to an elevated transmural pressure from 0 to some optimal pressure, after which further 
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increases in pressure cause a reduction in pump function 6,16,21,23–27. 
Shear stress is an important factor, modulating both the tonic and phasic contraction of the lymphangions 
12,15,18,19,21, but has been less widely studied compared to the effect of transmural pressure on lymphatic 
pump function. Wall shear stress is directly related to the lymph flow rate through the vessel and is also 
dictated by the vessel diameter. An elevation in lymph flow rate corresponds to an increased wall shear 
stress and a reduction in the contractility and tone of the vessel results in a lower shear stress. 
Experimentally, it is easier to control the pressure gradient across the vessel than the flow rate through 
it and hence studies have mostly focused on using the pressure gradient as a means to impose wall 
shear stress on the vessel. Gashev et al showed that both the chronotropic and inotropic response of the 
lymphatic vessels are negatively affected by an imposed pressure gradient 18. Numerous studies since 
these original ones have confirmed the findings of Gashev et al, that imposed flow decreases both the 
contraction amplitude and frequency 12,28–32. With an increase in the applied pressure gradient in rat 
mesenteric lymphatic vessels, the contraction frequency decreases, but this decrease is only temporary 
since the frequency increases over time with the same applied pressure gradient. The contraction 
amplitude decreases due to an increase in the end-systolic diameter. This effect is more pronounced in 
rat thoracic ducts 33. These changes are also dependent on the rate of change of the flow, with a higher 
rate of change producing a larger change in the lymphatic pumping parameters 12,14.  
The region chosen for the study can affect the response of the lymphatic vessels to transmural pressure 
and wall shear stress. For example, contraction frequency was found to be more heavily dependent on 
transmural pressure for rat mesenteric and cervical lymphatics as opposed to the thoracic duct 33. Rat 
thoracic ducts also significantly inhibit their contraction with large favorable pressure gradients, while rat 
mesenteric and cervical lymphatics still exhibit contraction at these pressure differences 18,34. Since these 
studies controlled the flow through the vessel by controlling the pressure at the inlet and the outlet of the 
cannulae, they did not take into consideration the exact wall shear stress being applied, or the fact that 
the relation between the applied pressure difference and the wall shear stress is highly dependent on the 
diameter of the vessel and the pressure drop that occurs along the pipette tips. Thus it is important to 
investigate the mechanosensitivity of the lymphangions with respect to the wall shear stress experienced 
by the lymphangion. 
While the response of lymphatic vessels to oscillatory shear stress have been explored before 12, we 
show that the response is more nuanced than previously believed. The response of lymphatic vessels to 
oscillatory flow is hypothesized to be a consequence of the inhibition in contraction that is observed in 
response to elevated shear stresses. Thus the ability of a lymphatic vessel to synchronize its contraction 
to an externally applied shear stress is hypothesized to be dependent on the frequency and amplitude of 
the applied shear stress and also on its sensitivity to wall shear stress and intrinsic contraction frequency 
(the average frequency with which the vessel contracts when no flow is applied to its lumen). A platform 
is introduced to perform these studies in the frequency domain using continuous wavelet transform. This 
platform allows for the analysis of the response of the lymphatic vessels to dynamic forces by looking at 
their frequency domain response, which allows for the quantification of their entrainment to externally 
applied oscillatory forces. 
Results 
Characterization of wall shear stress sensitivity 
To determine the wall shear stress sensitivity vessels were exposed to a favorable pressure gradient that 
was linearly increased in magnitude over a fixed time interval, while holding the transmural pressure 
constant while video of the contracting vessel was recorded through a microscope. Vessel frequency 
over time was calculated using a continuous wavelet transform (CWT), which is a frequency domain 
analysis technique that provides the spectral content of a waveform as a function of frequency and time. 
The bases for the CWT are the wavelets that are defined by their scale and the shift. The scale of the 
wavelet can be converted to a frequency by knowing the sampling frequency of the signal and the center 
frequency of the wavelet. The magnitude of the wavelet coefficients are obtained as a function of time 
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and scale (and hence frequency) and are plotted as a surface. An example spectrogram is shown in Fig. 
1a for a diameter tracing of a contracting vessel at a single location along the vessel wall. At any particular 
point in time, the frequency at which the magnitude of the coefficient (hereby referred to as “power”) is 
the highest was defined as the “dominant frequency” at that time point which is represented in Fig. 1b. 
The use of CWT allows the subsequent analyses of the response of the lymphangion to different wall 
shear stress conditions, by studying the spectral composition of the signal as a function of the frequency 
and/or amplitude of the applied wall shear stress. 
 
Fig. 1: The method for analyzing the data in the frequency domain is shown. a) CWT provides detailed frequency 
information. The vertical dashed line represents the time at which imposed oscillatory flow begins and the horizontal 
dashed line represents the frequency of the imposed flow. b) The frequency information can be easily isolated from 
the CWT. The calculated frequency is shown as a function of time and is overlaid over the diameter variations. For 
this particular experiment, the vessel was exposed to no flow at the start of the experiment and at 300 seconds an 
imposed oscillatory flow was applied to the vessel at the frequency indicated in the figure. 
From previous work it is known that the wall shear stress is necessary to inhibit contraction within different 
thoracic duct segments is quite variable 12. Hence it is important to establish the wall shear stress (WSS) 
sensitivity of each vessel prior to exposing them to oscillatory wall shear stress (OWSS) in order to 
determine the extent that each vessel’s unique shear sensitivity is responsible for entrainment to 
oscilliatory flow. To this end, the response of the thoracic duct to a ramped shear stress was analyzed 
with CWT to obtain the shear sensitivity information. The dominant frequency was obtained as a function 
of time from the CWT of the diameter tracings for the ramp experiment. The imposed WSS was then 
obtained as a function of time for the ramp protocol by reading the syringe position of the perfusion 
system, assuming Poisuielle flow and using the diastolic diameter of the vessel as described previously 
12. A linear fit to this data was obtained, assuming that the imposed WSS is 0 at the start of the shear 
ramp. 
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Fig. 2: The critical wall shear stress of the vessel negatively correlates with the passive vessel diameter. a) The 
contraction frequency of the vessel goes down with time when a ramped shear stress is applied to the vessel. This 
can be observed from the diameter tracing shown along with the applied shear stress. b) The same information is 
represented in the CWT spectrogram where the decrease in frequency can be quantified from the dominant 
frequency information. c) The frequency, when plotted as a function of the shear stress, shows the characteristics 
of a power law curve. Fitted curves are shown for three different vessels and a dependence on the diameter of the 
vessel can be readily seen. d) The critical shear stress is plotted as a function of the diameter of the thoracic duct 
for the two different ramps applied to the vessel. Linear regression curves are fitted to the data and show a 
significant negative correlation (Spearman correlation coefficient of -0.7454 and -0.787 with p values of 0.0133 and 
0.0357 respectively for 5 min and 15 min ramps). The regression does not depend significantly on the rate of the 
ramp applied (p = 0.8629). 
With the fitted shear stress data being obtained, the dominant frequency was then plotted as a function 
of the shear stress to obtain the shear sensitivity (Fig. 2). The relationship between frequency and WSS 
appears to follow a power law function of the form f = atb, where f is the frequency, t is the time, and a 
and b are the parameters to be optimized. Curves of this nature fitted to the data had an average r-
squared value of about 0.9, which indicated that the power law model provides a good approximation to 
the shear-frequency relationship over the ranges tested. 
The shear sensitivity of the vessel was represented by a “critical shear stress”, which was defined as the 
shear stress at which the frequency of contraction drops down to half of the intrinsic frequency of 
contraction of the vessel. The critical shear stress was obtained from the power law relationship relating 
the frequency of contraction to the imposed shear stress. The shear sensitivity is inversely related to the 
critical shear stress. The critical shear stress ranges between 0.1 to 10 dynes/cm2 and is found to be 
significantly correlated to the average diastolic diameter of the vessel, irrespective of the rate of the ramp 
waveform applied to the vessel. The Spearman correlation coefficient was calculated between the critical 
shear stress and the diastolic diameter and were found to be -0.7454 and -0.787, with p values of 0.0133 
and 0.0357 respectively for the ramp waveforms applied for 5 min and 15 min. The significance of the 
correlation coefficient was calculated using Fisher’s r-to-z transformation. The shear sensitivity was not 
found to be significantly related to the rate of the ramped shear stress applied to the vessel (p = 0.8434). 
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Effect of oscillatory shear stress 
To study the effect of variations in the frequencies and amplitudes of the OWSS on the response of the 
lymphangion, the spectral distribution of power and how it changes with the frequency and amplitude of 
the shear stresses applied to the vessel was investigated using CWT. The percentage of power at a 
particular frequency is representative of the amplitude of contraction of the vessel at that frequency. The 
percentage of power in the applied frequency is thus indicative of the “strength of entrainment” of the 
vessel to the applied frequencies. Vessels were exposed to three different frequencies of imposed flow 
(0.075 Hz, 0.2 Hz, and 0.35 Hz). These values were chosen to be reflective of frequencies that were less 
than, comparable to, and above the typical intrinsic contraction frequency of isolated pressurized rat 
thoracic ducts. These three frequencies were also applied with three different amplitudes of the imposed 
pressure gradient waveform (Δ𝑃 = 4, 6, and 8 cm H20, where Δ𝑃 is the pressure difference measured 
between the inlet and the outlet pipettes on which the vessel is cannulated). 
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Fig. 3: Representative CWT spectrograms and diameter and pressure gradient tracings are shown for the three 
applied frequencies of 0.075 Hz, 0.2 Hz and 0.35 Hz and two pressure gradients having amplitudes of 6 cmH2O 
and 8 cmH2O. a) The graphs show a clear dependence of the entrainment, represented by the power in the applied 
frequency component, with the applied frequency and the magnitude of the shear. When the applied frequency 
exceeds the intrinsic frequency of contraction (about 0.3 Hz), the maximum power is seen to be localized at half the 
applied frequency instead of the applied frequency. b) The dependence of the entrainment on the applied frequency 
and shear stress is also seen from the pressure and diameter tracings. When the applied frequency is greater than 
the intrinsic frequency of contraction, the vessel contracts at half the applied frequency. 
An observation of the CWT spectrograms for a single vessel at different applied frequencies and 
amplitudes, as shown in Fig. 3a, reveals that the extent of entrainment of the vessel depends on both the 
frequency of the applied waveform and the magnitude of the pressure gradient amplitude. An interesting 
thing to note is that for an applied frequency of 0.35 Hz, the maximum power did not occur at the applied 
frequency, but rather at half the applied frequency or at 0.175 Hz. This phenomenon is seen for a lot of 
vessels that have an intrinsic contraction frequency less than 0.35 Hz. This agrees with the hypothesis 
that the entrainment seen in the vessels is actually an effect of shear inhibition when the WSS rises 
above the critical shear stress. Since the frequency of oscillation of the WSS is more than the vessel’s 
intrinsic contraction frequency, and since the entrainment is hypothesized to happen as a result of 
lowering of the intrinsic contraction frequency, it gets entrained at a lower frequency, which is seen to be 
half the applied frequency. These spectrograms hence show an entrainment of the contraction that is 
dependent on the applied frequency as well as the intrinsic contraction frequency. Furthermore, the 
power is higher when the applied pressure gradient is higher, indicating that the entrainment is higher at 
higher shear stresses. 
 
Fig. 4: The entrainment of the vessel depends on both the frequency and magnitude of the imposed oscillatory wall 
shear stress. a) The percentage of power representing the entrainment is shown w.r.t. both the frequency difference 
and the shear stress difference. b) The percentage of power is shown at different ranges of frequency under no 
shear and oscillatory shear conditions, along with the standard error. c) The entrainment is significantly correlated 
to the normalized shear stress (maximum WSS under imposed oscillatory conditions normalized to the critical WSS 
for the vessel) when the applied shear stress is below the critical shear stress, for similar and high applied 
frequencies. d) When the sum of the percentage of power at both the applied frequency and half the applied 
frequencies are considered, there is no significant difference between the high and medium applied frequencies. 
This suggests that more power is present at half the applied frequency components when the externally applied 
frequency is more than the intrinsic frequency of contraction of the vessel. 
The entrainment of thoracic ducts (n=8) to the applied OWSS was investigated w.r.t. the difference 
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between the intrinsic frequency of contraction and the applied frequency, as well as the applied shear 
stress normalized to the critical shear stress for the vessel (Fig. 4a). The effect of the frequency difference 
(calculate as the intrinsic frequency minus the applied frequency) on the entrainment of the vessel to the 
oscillatory flow was investigated by dividing the dataset into 3 windows corresponding to applied 
frequencies that were higher than (-0.3 Hz to -0.1 Hz), similar to (-0.1 Hz to 0.1 Hz) and lower than (0.1 
Hz to 0.3 Hz) the intrinsic frequency as seen in Fig. 4b and 4c. An unbalanced two-way ANOVA test was 
performed with an alpha level of 0.05 to obtain the statistical significance of the entrainment w.r.t. the 
frequency difference and the flow conditions. The entrainment of the vessel to the oscillatory shear stress 
is evident from the significantly increased percentage of power in the applied frequency between no shear 
and oscillatory shear conditions (p = 0.0002, 2.07e-08 and 0.0028 for the three frequency groups). The 
entrainment was found to be maximum when there is minimal difference between the intrinsic frequency 
of contraction and the applied frequency. The percentage of power at low applied frequencies was found 
to be significantly lower than when the applied frequencies were similar to the intrinsic contraction 
frequency (p = 3.77e-08), demonstrating that the entrainment is hampered at low applied frequencies. 
To investigate the effect of the magnitude of the applied shear stress on the entrainment, the maximum 
applied shear stress was normalized w.r.t. the critical shear stress for each vessel so as to incorporate 
the unique mechanosensitivity of each vessel into the analysis. The entrainment was found to be 
significantly correlated to the shear stress applied to the vessel (using Fisher’s r-to-z transformation) in 
the similar and high frequency bands (r-squared values of 0.1643 and 0.6141 with p = 0.0399 and 0.0073 
respectively) when the maximum applied shear stress was below the critical shear stress as seen in Fig. 
4d. The entrainment was not significantly correlated to the shear stress for vessels where the maximum 
applied shear stress was above the critical shear stress, suggesting that there is no added benefit to 
entrainment from a higher WSS when the WSS is already above the critical shear of the vessel. The 
possible involvement of shear inhibition as a mechanism for lymphatic entrainment is also supported by 
Fig 4d. The significant difference in the entrainment between the applied waveforms with higher and 
similar frequency to the intrinsic frequency is lost when the power at both the applied frequency and half 
the applied frequency are considered. This suggests a higher concentration of power at half the applied 
frequency when the external flow waveform has a higher frequency than the intrinsic frequency and 
demonstrates that the vessels are contracting at half the applied frequency when the externally applied 
frequency exceeds the intrinsic frequency. 
 
Fig. 5: Ejection fraction and fractional pump flow are differentially modulated by imposed flow. a) Applying an OWSS 
waveform to a vessel at a frequency similar to the intrinsic contraction frequency enhances ejection fraction (p = 
3.84e-05). b) The fractional pump flow is significantly lower when low frequency waveforms are applied (p = 2.8e-
04) 
Two pump flow metrics; the ejection fraction which represents the percentage of lymph that is pumped 
by the lymphangion per contraction, and the fractional pump flow which represents the percentage of 
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lymph that is pumped by the lymphangion per second; were investigated as a function of the frequency 
of the shear stress applied to the vessel and the flow condition, as seen in Fig. 5. An unbalanced two-
way ANOVA test was performed with an alpha level of 0.05 to test for statistical significance of the 
entrainment w.r.t. the frequency difference and flow conditions. The ejection fraction was found to 
significantly increase when the applied frequency was close to the intrinsic frequency (p = 3.84e-05) as 
seen in Fig. 5a. The fractional pump flow, representing the fluid pumped as a result of lymphatic 
contractility (percentage of the fluid volume per second) was found to be significantly lower when the 
applied frequency was less than the intrinsic frequency, as seen in Fig. 5b (p = 2.84e-04 between the no 
shear and oscillatory shear conditions). This is a consequence of the contraction frequency of the vessel 
getting lowered as a result of the imposed flow and hence reducing the fractional pump flow. 
Discussion 
The lymphatic vessels, owing to their intrinsic contractility are exposed to a unique mechanical 
microenvironment that sets them apart from the blood vasculature. Unlike blood vessels, the lymphatic 
vessels undergo both slow, long-term tonic contractions as well as fast, short-term phasic contractions. 
This unique contractility subjects the lymphangions to oscillatory transmural pressures and wall shear 
stresses due to the contractility patterns of upstream and downstream lymphangions. During a typical 
contraction cycle the lymphangion can contract up to 39% of its diameter and while average wall shear 
stress over the contraction cycle is on the order of 0.6 dyn/cm2, the peak shear stress is around 8 dyn/cm2 
as found in rat mesenteric lymphatics35. When exposed to edemagenic conditions36,37, or in response to 
elevated loads due to high-fat meals38, the flow rate and thus maximal shear experienced by the vessel 
can increase 10-fold to about 5 to 40 dynes/cm2 36,37. In comparison, the blood vasculature of similar 
dimensions as the lymphatics, such as small arteries in rats typically show average wall shear stress in 
the order of 15 dynes/cm2 39. Smaller arteries and veins can show even higher average shear stress, 
going up to 70 dynes/cm2 40–42. Hence the lymphatic vessels are subjected to a mechanical 
microenvironment characterized by a low and oscillatory shear stress, albeit with maximal transient WSS 
values that can approach that of the blood vasculature. 
When exposed to imposed flow ex-vivo (in which the WSS imposed was previously unknown), lymphatic 
vessels are known to inhibit their contraction 15,18. This shear dependent inhibition of lymphatic 
contractility is thought to be an important mechanism in their transition from a pump to a conduit for 
lymph, depending on the external forces, in order to optimize lymph flow 32. Shear mediated inhibition of 
contractility of the lymphangions, similar to the flow mediated dilation seen in blood vasculature, in 
endothelium dependent and has been reported to be dependent on the region chosen for study 33. In 
vitro studies have also shown the involvement of the lymphatic endothelium in this flow mediated 
response 43,44. However the actual WSS magnitudes at which this contraction inhibition occurs, has been 
limited to one report on a small set of vessels 12. As exemplified by Fig. 2, the frequency of contraction of 
the vessel is found to be inversely related to the shear stress in the vessel. Under sufficiently high shear 
stresses, the vessel might stop contracting altogether. A critical shear stress can therefore be defined as 
an indicator of a threshold for the pump-conduit transitions for the lymphatic vessels. Further, this critical 
shear stress is inversely related to the diameter of the vessel, indicating that larger vessels are more 
sensitive to the wall shear stress, which is agreement with observations made in the literature comparing 
mesenteric lymphatic vessel and thoracic duct 33. This alludes to an adaptation of the lymphangions to 
their own unique microenvironment in order to optimize their lymph transport capabilities. 
The synchronized contraction of the lymphangions in order to pump lymph has long been observed in 
vivo and have been suggested as being important for the optimal transport of lymph depending on the 
load that the vessels are being subjected to 45,46. The lymphatic vessels seem to have developed so as 
to utilize the propagation of depolarization waves along the lymphatic muscle layer for their contraction, 
facilitated by the electrical decoupling between the lymphatic endothelial and muscle cell layers 47. 
Further, the role of endothelium derived relaxation factors like nitric oxide and histamine in the flow 
mediated dilation have been investigated 18,28,29,31, and their presence was found to be correlated to the 
shear stress applied on the vessels. Computational models have also shown that the presence of this 
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mechanosensitivity would facilitate the coordinated pumping of lymphangions 48,49. Our previous work 
showed that the application of oscillatory shear stress can cause entrainment in the contraction of 
lymphangions, and the entrainment is lost if the shear stress is sufficiently low 12. Hence the existing 
literature suggests that the entrainment of contraction between lymphangions is affected at least in part 
by the shear sensitivity of the lymphangions, thus implicating flow mediated dilation as a direct causative 
factor in the coordinated contraction of a chain of lymphangions. 
The idea that entrainment is caused by flow mediated dilation is supported by the result as represented 
in Fig. 4 where the percentage of power in the applied frequency, representing the degree of entrainment, 
was found to be significantly higher when the applied frequency is close to the intrinsic frequency of 
contraction. This indicates the presence of an optimum frequency of contraction that the lymphatic 
vessels have developed, possibly as a result of their microenvironment. Since the entrainment is a result 
of inhibition of contraction by flow, it is not possible for the vessel to contract with a frequency higher than 
its intrinsic contraction frequency. This is supported from our observation that when a frequency of 0.35 
Hz is applied to a vessel having an average intrinsic contraction frequency of about 0.3 Hz or lower, the 
vessel is unable to contract at the imposed frequency, and thus ends up contracting at half the applied 
frequency, effectively inhibiting its contraction at every other applied WSS peak. Further supporting a 
mechanism involving flow-mediated dilation is the observation that the extent of entrainment of the vessel 
to the imposed flow is highly correlated with the ratio of the maximum imposed wall shear stress and the 
intrinsic critical shear. The higher the magnitude of the peak shear, the stronger the synchronization. 
Interestingly, this correlation is lost when comparing vessels in which the peak imposed WSS was above 
the measured critical shear, suggesting that elevating the WSS stress above this critical shear value has 
no benefit to further ensuring contractile entrainment. 
The potential physiologic benefit of these unique features of vessel entrainment to flow is perhaps best 
illustrated in Figure 5. Under conditions were the imposed flow rate frequency is close to the intrinsic 
contractility of the vessel, the presence of this oscillatory flow enhances the ejection fraction of the vessel 
compared to the ejection fraction that is observed in the vessel before the application of oscillatory flow. 
In chains of lymphangions one would expect the frequency of the flow waveform resulting from ejection 
of fluid from the upstream vessel and the frequency of the contractility of the adjacent vessel to be similar, 
due to the propagation of action potentials along lymphatic muscle cells adjacent to one another between 
lymphatic valves 50. Similar contraction frequency between adjacent lymphatics has also been observed 
in vivo 46 and it has previously been suggested with experimental data that flow mediated dilation could 
assist in the coordination of contraction 28. Thus, the ability to dynamically respond to flow, and the fact 
that the kinetics of this response is optimized to occur on time scales similar to the vessel’s intrinsic 
contraction frequency, might provide a mechanism to enhance ejection fraction and optimize lymphatic 
pumping even in the presence of lymphatic contractile coordination via electrical coupling of lymphatic 
muscle cells. This is supported by Fig. 5a which shows that there is a significant increase in the ejection 
fraction when the externally applied flow is oscillating at a frequency close to the intrinsic frequency of 
contraction of the vessel. Similarly Fig. 5b shows a significant reduction in the fractional pump flow when 
the applied flow frequency is much lower than the intrinsic frequency of the lymphangion, due to the 
externally applied flow lowering the contractile frequency below its intrinsic value. Computational 
modeling that incorporates these dynamic responses, with values from actual experimental data such as 
that reported here, could shed light on the benefit of this flow mediated entrainment, possibly by 
preserving energy expenditure by lymphatic muscle cells and enhancing overall lymph transport. 
The literature has also shown that the mechanosensitivity of lymphangions to shear stress is hampered 
in pathological states that have been related to impaired lymphatic transport, such as might occur in the 
case of metabolic syndrome 51,52 and as a result of aging 11,53. The entrainment of lymphangions to shear 
stress may also be hampered during cases of lymphatic endothelial dysfunction that affects flow mediated 
dilation, thus leading to deficient pumping in the lymphatics or the unnecessary expenditure of energy by 
lymphatic muscle cells. This could provide a mechanism for reduced lymphatic pump flow during 
conditions of lymphatic dysfunction, possibly leading to impaired tissues-fluid homeostasis and other 
complications that may arise due to a compromised lymphatic system. Thus the physiologic 
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consequences of impaired flow mediated dilation to lymphatic pump performance in the context of 
disease is an important area of future study. 
Conclusions 
The lymphatic vessels are highly attuned to their local mechanical microenvironment as is reflected by 
the dependence of the shear sensitivity of the lymphatics on the diameter of the vessel. The shear 
dependent inhibition leads to an entrained contraction of the lymphangions to an oscillatory stimulus, 
thus pointing to a physical mechanism by which coordination of pumping between lymphangions might 
occur, leading to optimized lymph flow. The molecular mechanisms regulating this entrainment are not 
completely understood and future work should investigate the role of endothelial derived relaxation 
factors on this entrainment. Computational models can be improved with the information about the 
dependence of shear sensitivity on the diameter of the vessel, which can then be used to investigate how 
the coordination between lymphangions can affect the lymphatic pump function and how this might be 
compromised in disease. 
Methods 
Experimental Setup 
The experiments were performed on thoracic ducts isolated from male Sprague-Dawley rats that weigh 
between 280-300 gm. All procedures on the rats were performed according to the relevant Institutional 
Animal Care and Use Committee (IACUC) guidelines at Georgia Tech (protocol number A14069). The 
thoracic duct was chosen since it has been observed that they show more sensitivity to shear stress 
variations than mesenteric lymphatic vessels 34. The isolated vessels were cannulated in a vessel 
chamber and immersed in and perfused with physiological salt solution (PSS). The experimental setup 
consists of a commercially available vessel chamber from Living Systems Instrumentation, connected to 
a custom perfusion system that allows the independent control of transmural pressure (Pavg) and pressure 
gradient (ΔP) along the vessel chamber through explicit model predictive control 54 as shown in Fig. 6. 
The whole setup was mounted on an inverted microscope, which was used to capture bright-field images 
of the vessel as it was exposed to the various flow conditions. Two micropipette tips mounted on the 
vessel chamber were used to cannulate the isolated thoracic duct. The size of the thoracic ducts ranged 
between 500 μm to 900 μm. Keeping this in mind, pipette tips that are approximately 450 μm in diameter 
were chosen. The vessel chamber was heated using electric heating pads and the temperature was 
maintained around 38oC using a thermocouple and a temperature controller. To ensure that the 
composition of the media did not change during the course of the experiments, fresh media was 
recirculated in the chamber using a peristaltic pump, running at a flow rate of 0.3 mL/min. 
 
Fig. 6: The vessel perfusion system is shown highlighting the major components. a) The basic control scheme of 
the perfusion device is shown in the cartoon 54. The solenoid valves ensure unidirectional flow through the chamber, 
from the inlet to the outlet. b) The top view shows the tubing connections from the device to the vessel chamber. 
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The mechanical conditions inside the vessel were controlled by the perfusion system that utilizes linear 
motors, gas-tight syringes and solenoid valves to control the pressures at the inlet and outlets of the 
vessel chamber, P1 and P2 respectively 54. Analog pressure transducers were used to detect these 
pressures and control the device. The transmural pressure was calculated as the average of the inlet and 
outlet pressures, (P1+P2)/2. The pipette tips were resistance matched and the length of the tubes 
connecting each pipette to the external tubing were matched to ensure that the pressure drop in either 
pipette are the same. The matching ensures that there is no flow through the vessel when the pressure 
at the inlet and outlet of the vessel chamber are the same, or in other words, there is no offset in the 
relationship between the pressure gradient across the vessel and (P1-P2). 
Protocols 
Each vessel was first stepped through transmural pressures (Pavg) of 1, 3, 5 and 7 cmH2O under zero 
pressure gradient (ΔP) over 12 minutes to pre-condition them. This was done to ensure that the vessel 
isolation and cannulation process did not damage the vessel and that reference contraction frequency 
for the vessel can be determined, which is useful in the subsequent steps. After pre-conditioning, the 
vessel was subjected to 5 minute and 15-minute ΔP ramps from 0-9 cmH2O at a Pavg of 3 cmH2O. The 
vessels were then taken through a series of oscillatory flow waveforms of different frequencies and 
amplitudes. Each step consists of 5 minutes of zero ΔP, and then 5 minutes of oscillatory ΔP, at a Pavg 
of 3 cmH2O. This Pavg was chosen as 3 cmH2O since the contractile function of thoracic duct (pumping 
frequency and stroke volume) was found to be optimum at this pressure. At no point was the vessel 
subjected to a retrograde flow. The frequencies of the applied flow waveforms were 0.075 Hz, 0.2 Hz, 
and 0.35 Hz. These frequency values were chosen to correspond to frequencies much less than, similar 
to, and much greater than the intrinsic contraction frequency of about 0.3 Hz, so that an even distribution 
of data as a function of frequency is obtained during the data analysis. The amplitudes of the ΔP were 
chosen to be 4, 6 and 8 cmH2O in order to correspond to “low”, “medium” and “high” shear stresses as 
compared to the critical shear stress at which inhibition occurs (typically between 3-7 cmH2O for the rat 
thoracic duct). This choice of the ΔP also ensured an even distribution of data as a function of shear 
stress during the data analysis. 
Data Analysis 
The data was acquired in the form of brightfield videos of the vessel acquired at 4x magnification. The 
videos were then processed frame by frame by a window-based thresholding algorithm that helped 
distinguish the vessel from the background as shown in Fig. 7a and 7b. Processing was also done at this 
step to remove any noise due to debris floating in the chamber. The diameter at each location along the 
vessel was then calculated by detecting the upper and lower boundaries of the vessel in the thresholded 
image. The diameters were detected over time to form the diameter tracings (Fig. 7b) that were then 
subsequently analyzed at each location along the vessel. Once the diameter data was obtained as a 
function of time and location, the tracings were filtered using an averaging low-pass filter to remove any 
noise due to the low resolution of the image. 
The diameter tracings were then analyzed with Continuous Wavelet Transform (CWT) to accurately 
obtain the frequency distribution in the diameter tracings. The most commonly used tool in the analysis 
of frequency domain information is the Fourier Transform (FT), but it shows the magnitude of the 
frequency content of the data over a time window. When the spectral information is needed as a function 
of time, a modification to this method can be used which is called the “Short Time Fourier Transform” 
(STFT). In this technique, the spectral information is obtained over user-defined time windows within the 
data, where the windows overlap with each other by an amount defined by the user. Hence, it is apparent 
that in this method, the temporal resolution is limited by the amount of overlap, and the user-defined 
nature of the time window can change the amount of information captured. For example, a smaller time 
window can be used when the data is rich in higher frequencies and a larger window should be used 
when the frequency in the data is more concentrated in the low frequencies, so as not to miss out on any 
information. These problems can be avoided using Continuous Wavelet Transforms as it accounts for 
the varying time and frequency resolution without any user intervention, thus reducing human 
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interference to the analysis. A caveat to this technique is that interpreting the data is not as straightforward 
as in Fourier transforms. In an FFT, the magnitudes simply represent the amplitude of the corresponding 
frequency component in the data. Wavelet transforms, however, utilize wavelets as the basis for the 
transform instead of cosines as in the case of FT. The use of these bases makes it harder to have a 
physical interpretation of the data as in the case of FT, but it provides higher temporal and frequency 
resolution, thus enabling the study of the spectrum of the signal with higher fidelity. 
 
Fig. 7: The data analysis to obtain the diameter tracings from the brightfield images is shown. a) Brightfield images 
of the vessels are thresholded to get b) binary images of the vessel, isolated from the background. The binary 
images are used to detect the diameter of the vessel at different locations. v) Going through all the frames in the 
video, the diameter tracing vs time can be obtained for all the locations along the vessel. 
Calculation of Wall Shear Stress 
The pressure difference across the vessel chamber is not a reliable estimate of the wall shear stress on 
the lumen of the vessel. There are minor losses associated with the sudden expansion of the pipette tip 
into a much larger vessel lumen. The pipette tip diameter is fixed, but the vessel diameter is variable, and 
hence the effective pressure drop across the vessel becomes a function of the vessel diameter. Hence 
the shear data for these experiments were obtained from the information of the location of the syringes 
as a function of time. Due to noise in the location data of the syringe positions, the location of the syringes 
were tracked in 3-second intervals to obtain an average syringe velocity over that time interval. After this 
time averaged syringe velocity (Vavg) was obtained, the flow rate, Q, was calculated from the knowledge 
of the inner radius, r of the syringe as  
𝑄 = 𝜋𝑟2𝑉𝑎𝑣𝑔  
From the diameter tracings of the vessel, an average diastolic diameter of the vessel, Ddiast was 
calculated. Using this diameter value, the representative wall shear stress was calculated as  
𝜏𝑤𝑎𝑙𝑙 =
32𝜇𝑄
𝜋𝐷𝑑𝑖𝑎𝑠𝑡
3   
Where μ is the dynamic viscosity of water at 38oC which is around 6.78 mdyn-s/cm2. Given the low 
Reynolds number (i.e. Re<<1) and low Womersley number (Wo<0.1) for these flows 55, and the fact 
that relatively straight vessel segments without valves are chosen, the Poisuielle flow approximation 
could be used to get an appropriate estimate of the applied WSS. 
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Fig. 8: For the ramp shear stress experiments the wall shear stress is plotted as a function of the pressure difference 
and straight lines are fitted to them. The fitted pressure to shear conversion graphs are used to convert the 
oscillatory pressure to oscillatory shear stress. 
Once the shear stress data was obtained for the ramps, it was used to convert the ΔP to WSS to be used 
in the conditions where an oscillatory shear stress was applied. This conversion is required since the 
syringe position is averaged over 3 seconds to be reliable, a time window that is too long to capture the 
shear stress variations in high-frequency oscillatory flow conditions. This estimation was done by 
obtaining the ramp shear stress as a function of ΔP and then plotting straight lines to them, as shown in 
Fig. 8. The pressure to WSS relationship was obtained for each vessel individually. The slope and offset 
of the line fits were used to calculate the OWSS from the oscillatory ΔP for each vessel. The advantage 
of calculating the OWSS in this way is that there is no reliance on the ΔP across the system for calculating 
the WSS, hence eliminating the variability introduced in the signal due to changes in the vessel diameter. 
 
Bibliography  
1. Rockson, S. G. The Lymphatics and the Inflammatory Response: Lessons Learned from Human 
Lymphedema. Lymphat. Res. Biol. 11, 117–120 (2013). 
2. Rockson, S. G. Pathophysiology of lymphedema. 9343, (2001). 
3. Mihara, M. et al. Pathological steps of cancer-related lymphedema: Histological changes in the 
collecting lymphatic vessels after lymphadenectomy. PLoS One 7, 1–10 (2012). 
4. Olszewski, W. L. et al. Tissue fluid pressure and flow in the subcutaneous tissue in lymphedema 
- hints for manual and pneumatic compression therapy. Phlebolymphology 17, 144–150 (2010). 
5. Caulk, A. W., Dixon, J. B. & Gleason, R. L. A lumped parameter model of mechanically mediated 
acute and long-term adaptations of contractility and geometry in lymphatics for characterization 
of lymphedema. Biomech. Model. Mechanobiol. 15, 1601–1618 (2016). 
6. Benoit, J. N., Zawieja, D. C., Goodman, A. H. & Granger, H. J. Characterization of intact 
mesenteric lymphatic pump and its responsiveness to acute edemagenic stress. Am. J. Physiol. 
257, H2059--69 (1989). 
7. Olszewski, W. L. Contractility patterns of normal and pathologically changed human lymphatics. 
Ann. N. Y. Acad. Sci. 979, 52-63-79 (2002). 
8. Olszewski, W. L. Contractility patterns of human leg lymphatics in various stages of obstructive 
Page | 14 
 
lymphedema. Ann. N. Y. Acad. Sci. 1131, 110–118 (2008). 
9. Mislin, H. Active contractility of the lymphangion and coordination of lymphangion chains. 
Experientia 32, 820–822 (1976). 
10. Davis, M. J. et al. Intrinsic increase in lymphangion muscle contractility in response to elevated 
afterload. Am. J. Physiol. Heart Circ. Physiol. 303, H795-808 (2012). 
11. Gashev, A. A. & Zawieja, D. C. Hydrodynamic regulation of lymphatic transport and the impact of 
aging. Pathophysiology 17, 277–287 (2010). 
12. Kornuta, J. A. et al. Effects of dynamic shear and transmural pressure on wall shear stress 
sensitivity in collecting lymphatic vessels. Am. J. Physiol. - Regul. Integr. Comp. Physiol. 309, 
R1122 LP-R1134 (2015). 
13. Hargens,  a R. & Zweifach, B. W. Contractile stimuli in collecting lymph vessels. Am. J. Physiol. 
233, H57--65 (1977). 
14. Davis, M. J., Davis, A. M., Lane, M. M., Ku, C. W. & Gashev, A. A. Rate-sensitive contractile 
responses of lymphatic vessels to circumferential stretch. J. Physiol. 587, 165–82 (2009). 
15. Koller, A., Mizuno, R. & Kaley, G. Flow reduces the amplitude and increases the frequency of 
lymphatic vasomotion: role of endothelial prostanoids. Am. J. Physiol. 277, R1683-9 (1999). 
16. McHale, N. G. & Roddie, I. C. The effect of transmural pressure on pumping activity in isolated 
bovine lymphatic vessels. J. Physiol. 261, 255–269 (1976). 
17. Li, B., Silver, I., Szalai, J. P. & Johnston, M. G. Pressure-volume relationships in sheep 
mesenteric lymphatic vessels in situ: response to hypovolemia. Microvasc Res 56, 127–138 
(1998). 
18. Gashev, A. A., Davis, M. J. & Zawieja, D. C. Inhibition of the active lymph pump by flow in rat 
mesenteric lymphatics and thoracic duct. J. Physiol. 540, 1023–1037 (2002). 
19. Gashev, A. A. Physiological aspects of lymphatic contractile function. Ann. N. Y. Acad. Sci. 
(2002). 
20. Dongaonkar, R. M. et al. Adaptation of mesenteric lymphatic vessels to prolongedchanges in 
transmural pressure. Am J Physiol Hear. Circ Physiol Am. J. Physiol. -Heart Circ. Physiol. 305, 
203–210 (2013). 
21. Zawieja, D. C. Contractile physiology of lymphatics. Lymphat. Res. Biol. 7, 87–96 (2009). 
22. Telinius, N. et al. Human thoracic duct in vitro: diameter-tension properties, spontaneous and 
evoked contractile activity. Am. J. Physiol. Heart Circ. Physiol. 299, H811-8 (2010). 
23. Eisenhoffer, J., Elias, R. M. & Johnston, M. G. Effect of outflow pressure on lymphatic pumping 
in vitro. Am. J. Physiol. 265, R97--102 (1993). 
24. Eisenhoffer, J., Lee, S. & Johnston, M. G. Pressure-flow relationships in isolated sheep prenodal 
lymphatic vessels. Am. J. Physiol. 267, H938--43 (1994). 
25. Smith, R. O. Lymphatic contractility; a possible intrinsic mechanism of lymphatic vessels for the 
transport of lymph. J. Exp. Med. 90, 497–509 (1949). 
26. McHale, N. G. & Roddie, I. C. Pumping activity in isolated segments of bovine mesenteric 
lymphatics. J. Physiol. 261, 70–72 (1975). 
27. Olszewski, W. L. & Engeset, A. Intrinsic contractility of prenodal lymph vessels and lymph flow in 
human leg. Am. J. Physiol. - Hear. Circ. Physiol. 239, H775 LP-H783 (1980). 
Page | 15 
 
28. Gasheva, O. Y., Zawieja, D. C. & Gashev, A. a. Contraction-initiated NO-dependent lymphatic 
relaxation: a self-regulatory mechanism in rat thoracic duct. J. Physiol. 575, 821–32 (2006). 
29. Nizamutdinova, I. T. et al. Involvement of Histamine in Endothelium-Dependent Relaxation of 
Mesenteric Lymphatic Vessels. Microcirculation 21, 640–648 (2014). 
30. Scallan, J. P., Zawieja, S. D., Castorena-Gonzalez, J. A. & Davis, M. J. Lymphatic pumping: 
mechanics, mechanisms and malfunction. J. Physiol. 594, 5749–5768 (2016). 
31. Tsunemoto, H., Ikomi, F. & Ohhashi, T. Flow-mediated release of nitric oxide from lymphatic 
endothelial cells of pressurized canine thoracic duct. Jpn. J. Physiol. 53, 157–163 (2003). 
32. Quick, C. M., Venugopal, A. M., Gashev, A. A., Zawieja, D. C. & Stewart, R. H. Intrinsic pump-
conduit behavior of lymphangions. Am. J. Physiol. Regul. Integr. Comp. Physiol. 292, R1510-8 
(2007). 
33. Gashev, A. A., Davis, M. J., Delp, M. D. & Zawieja, D. C. Regional variations of contractile 
activity in isolated rat lymphatics. Microcirculation 11, 477–92 (2004). 
34. Zawieja, D. C. & Davis, K. L. Inhibition of the active lymph pump in rat mesenteric lymphatics by 
hydrogen peroxide. Lymphology 26, 135–142 (1993). 
35. Dixon, J. B. et al. Lymph flow, shear stress, and lymphocyte velocity in rat mesenteric prenodal 
lymphatics. Microcirculation 13, 597–610 (2006). 
36. Moore-Olufemi, S. D. et al. Effects of primary and secondary intra-abdominal hypertension on 
mesenteric lymph flow: implications for the abdominal compartment syndrome. Shock 23, 571–5 
(2005). 
37. Rahbar, E., Akl, T., Coté, G. L., Moore, J. E. & Zawieja, D. C. Lymph transport in rat mesenteric 
lymphatics experiencing edemagenic stress. Microcirculation 21, 359–367 (2014). 
38. Kassis, T. et al. Post-Prandial Lymphatic Pump Function after a High-Fat Meal: A 
Characterization of Contractility, Flow and Viscosity. Am. J. Physiol. Gastrointest. Liver Physiol. 
310, ajpgi.00318.2015 (2016). 
39. Sun, D. et al. Reduced release of nitric oxide to shear stress in mesenteric arteries of aged rats. 
Am. J. Physiol. Heart Circ. Physiol. 286, H2249-56 (2004). 
40. Ballermann, B. J., Dardik, A., Eng, E. & Liu, A. Shear stress and the endothelium. Kidney Int. 54, 
S100–S108 (1998). 
41. Oyre, S., Pedersen, E. M., Ringgaard, S., Boesiger, P. & Paaske, W. P. In vivo wall shear stress 
measured by magnetic resonance velocity mapping in the normal human abdominal aorta. Eur. 
J. Vasc. Endovasc. Surg. 13, 263–271 (1997). 
42. Ogasawara, Y. & Tsujioka, K. In-Vivo Measurements of Blood Flow Velocity Profiles in Canine 
lIio-Femoral Anastomotic Bypass Grafts. 119, 30–38 (1997). 
43. Kawai, Y., Yokoyama, Y., Kaidoh, M. & Ohhashi, T. Shear stress-induced ATP-mediated 
endothelial constitutive nitric oxide synthase expression in human lymphatic endothelial cells. 
Am. J. Physiol. Cell Physiol. 298, C647-55 (2010). 
44. Jafarnejad, M. et al. Measurement of shear stress-mediated intracellular calcium dynamics in 
human dermal lymphatic endothelial cells. Am. J. Physiol. Heart Circ. Physiol. 308, H697-706 
(2015). 
45. McHale, N. G. & Meharg, M. K. Co-ordination of pumping in isolated bovine lymphatic vessels. J. 
Physiol. 450, 503–512 (1992). 
Page | 16 
 
46. Zawieja, D. C., Davis, K. L., Schuster, R., Hinds, W. M. & Granger, H. J. Distribution, 
Propagation, and Coordination of Contractile Activity in Lymphatics. Am. J. Physiol. 264, H1283--
H1291 (1993). 
47. Behringer, E. J. et al. Calcium and electrical dynamics in lymphatic endothelium. J. Physiol. 595, 
7347–7368 (2017). 
48. Baish, J. W., Kunert, C., Padera, T. P. & Munn, L. L. Synchronization and Random Triggering of 
Lymphatic Vessel Contractions. PLoS Comput. Biol. 12, 1–23 (2016). 
49. Kunert, C., Baish, J. W., Liao, S., Padera, T. P. & Munn, L. L. Mechanobiological oscillators 
control lymph flow. Proc. Natl. Acad. Sci. U. S. A. 112, 10938–43 (2015). 
50. Crowe, M. J., Y,  von der W. P., Brock, J. A. & F, V. H. D. Co‐ ordination of contractile activity in 
guinea‐ pig mesenteric lymphatics. J. Physiol. 500, 235–244 (1997). 
51. Zawieja, S. D. et al. Impairments in the intrinsic contractility of mesenteric collecting lymphatics in 
a rat model of metabolic syndrome. Am. J. Physiol. Circ. Physiol. 302, H643–H653 (2012). 
52. Zawieja, S. D., Gasheva, O. Y., Zawieja, D. C. & Muthuchamy, M. Blunted flow-mediated 
responses and diminished nitric oxide synthase expression in lymphatic thoracic ducts of a rat 
model of metabolic syndrome. Am. J. Physiol. Heart Circ. Physiol. ajpheart.00664.2015 (2015). 
doi:10.1152/ajpheart.00664.2015 
53. Zolla, V. et al. Aging-related anatomical and biochemical changes in lymphatic collectors impair 
lymph transport, fluid homeostasis, and pathogen clearance. Aging Cell 14, 582–594 (2015). 
54. Kornuta, J. A. & Dixon, J. B. Ex vivo lymphatic perfusion system for independently controlling 
pressure gradient and transmural pressure in isolated vessels. Ann. Biomed. Eng. 42, 1691–
1704 (2014). 
55. Moore, J. E. & Bertram, C. D. Lymphatic System Flows. Annu. Rev. Fluid Mech. 50, 459–482 
(2018). 
 
